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(54) Method and apparatus for forming a thin film of a metal compound 



(57) A method for forming a thin film of a metal com- 
pound is disclosed. Within a vacuum chamber, a metal- 
lic ultra-thin film of a metal or an incompletely-reacted 
metal is deposited on a substrate. The metallic ultra-thin 
film is brought in contact with the electrically neutral 
activated species of a reactive gas so as to convert the 
metallic ultra-thin film to an ultra-thin film of a metal 
compound through the reaction of the metallic ultra-thin 
film with the activated species of the reactive gas. The 
above-described steps are sequentially repeated so as 
to deposit on the substrate the ultra-thin film of the metal 
compound in layers until a thin film of the metal com- 
pound having a desired thickness is formed on the sub- 
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Description 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

[0001] The present invention relates to a method for 
forming a thin film of a metal compound on a substrate 
through magnetron sputtering or vacuum evaporation in 
a stable manner and at a high rate of deposition and to 
a film deposition apparatus for carrying out the same. 

2. Description of the Related Art 

[0002] There has been widely practiced the formation, 
through sputtering, of thin films of metals or metal com- 
pounds, such as oxides, nitrides, fluorides, and the like. 
In contrast with the formation of thin films of metal, thin 
films of metal compounds, such as oxides, nitrides, flu- 
orides, and the like are typically formed by one of the fol- 
lowing methods: 

(1) A reactive gas (e.g. oxygen gas, nitrogen gas, or 
fluorine gas) is introduced into a chamber equipped 
with a metal compound target (insulative) or a metal 
target (conductive), and a thin film is deposited 
through reactive sputtering activated by a radio-fre- 
quency (RF) power source. 

(2) A reactive gas is introduced into a chamber 
equipped with a metal target, and a thin film is 
deposited through DC (direct current) reactive mag- 
netron sputtering activated by a direct current (DC) 
power source. 

[0003] The above two methods involve the following 
problems. The rate of deposition of a thin film is rela- 
tively low, particularly in the case of RF sputtering. The 
temperature of a substrate rises due to plasma, and 
thus sputtering at a temperature not higher than 100°C 
is difficult, particularly in the case of RF sputtering. In 
the case of DC reactive magnetron sputtering, arc dis- 
charge on a target, particularly on an uneroded portion 
of the target, causes the material of the target to scatter 
onto a substrate, and such scattering conceivably 
causes generation of a defect on a thin film in process 
of deposition. 

[0004] In the case of RF magnetron sputtering, 
charges accumulate in an insulative thin film which is 
formed on an apparatus component having a grounding 
potential, a substrate, a substrate holder, or the like, and 
cause an anomalous discharge. Upon the occurrence of 
such an arc discharge on a certain component or the 
like, the material thereof scatters onto a substrate, or 
upon the occurrence of an arc discharge on a substrate, 
an arc mark remains on the substrate. Such scattering 
or an arc mark conceivably causes generation of a 
defect on a thin film in process of deposition. As the size 
of a substrate increases, the frequency of this phenom- 



enon increases. 

[0005] When a metal compound thin film is deposited 
through sputtering, an incomplete metal compound is 
apt to be produced due to lack of a component element 

s of the metal compound, such as oxygen, nitrogen, or 
fluorine. For example, an Si0 2 thin film— which is a typ- 
ical oxide thin film and used as an optical film, an insu- 
lating film, a protection film, or a like film — is generally 
deposited by subjecting an Si0 2 target (insulative) to 

10 RF magnetron sputtering activated by a radio-frequency 
power source or by subjecting an Si target (conductive) 
to DC magnetron sputtering activated by a DC power 
source. In this case, if the introduction of oxygen 
gas — which serves as a reactive gas and is introduced 

is concurrently with Ar gas serving as a working gas for 
sputtering— is insufficient, the composition of a formed 
thin film will become SiO x (x < 2). In order to prevent this 
phenomenon, oxygen is introduced into the sputtering 
atmosphere in a sufficient amount for reaction. How- 

20 ever, this causes a reduction in the deposition rate of a 
thin film to 1/5 to 1/1 0 the deposition rate of a thin film of 
metal. 

[0006] Also, the thus-introduced reactive gas reacts 
with the target to produce Si0 2 on the surface of the tar- 

25 get. Charges of positive argon ions and positive oxygen 
ions in plasma accumulate in the produced Si0 2 . When 
the accumulation of the positive charges exceeds the 
dielectric limit of a Si0 2 film, dielectric breakdown 
occurs. Alternatively, arc discharge occurs on an earth 

30 shield (anode), which is a conductive portion of a target, 
thereby releasing accumulated charges. This is the 
mechanism of an anomalous discharge occurring on a 
target. Such an arc discharge involves the following 
problems. 

35 [0007] The material of a target scatters onto a sub- 
strate, causing generation of a defect on a thin film in 
process of deposition. 

[0008] An arc mark remains on the surface of a target, 
and Si0 2 , an insulative substance, accumulates pro- 
40 gressively around the arc mark, causing another anom- 
alous discharge. 

[0009] Also, in the vacuum evaporation method, a thin 
film of a metal compound is effectively formed through 
the repetition of the following steps: deposition of a 

45 metallic ultra-thin film and conversion of the metal to a 
metal oxide. In this case, an anomalous discharge may 
occur on an evaporation source, particularly on the 
cathode portion of an electron beam source, due to a 
formed reaction product (insulative substance). 

50 [001 0] Generally, the rate of deposition through sput- 
tering is 1/2 to 1/10 the rate of deposition through vapor 
deposition, in which a deposition material is ion-beam- 
heated or resistance-heated. Therefore, sputtering is 
not suited for mass production. 

55 [0011] In the method of forming a thin film through 
sputtering, plasma is generally utilized. TTius, collision 
of charged particles (ions and electrons) causes the 
heating of component parts of a film deposition appara- 
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tus, a substrate holder, a substrate, etc. As a result, the 
deposition of a film on a material having poor heat 
resistance, such as plastic, is difficult. This is particu- 
larly so in the case of RF magnetron sputtering which 
uses a radio-frequency power source. 
[0012] The above-mentioned problems obstruct the 
application of sputtering to the formation of a compound 
thin film. 

[0013] The applicants of the present invention for- 
merly proposed the following methods for forming a thin 
film of a metal compound. 

(1) A thin film of a metal compound having a 
desired thickness is formed by repeating the steps 
of: depositing on a substrate an ultra-thin film of 
metal, such as titanium or a like metal, through 
sputtering; and irradiating the ultra-thin film with an 
ion beam of a reactive gas, such as an oxygen gas 
or a like gas, so as to convert the ultra-thin film to 
that of a metal compound, such as titanium oxide or 
the like (Japanese Patent Publication No. 8-19518). 

(2) A thin film of a metal compound having a 
desired thickness is formed by repeating the steps 
of: depositing on a substrate an ultra-thin film of 
metal through sputtering; and irradiating the ultra- 
thin film with plasma of a reactive gas generated by 
an inductive plasma source so as to convert the 
ultra-thin film to that of a metal compound (Japa- 
nese Patent Application Laid -Open (kokai) No. 8- 
176821). 

[001 4] However, the above-mentioned method (1 ) was 
found to involve the following problems: an ion gun 
involves the replacement of a consumed filament; a 
large number of component members, such as a fila- 
ment, a screen electrode, and a suppressor electrode, 
are employed; the employment of a large number of 
component members causes contamination of a vac- 
uum chamber; an increased screen electrode current 
requires a power source having a larger current capac- 
ity; and a neutralizer involves a temperature rise prob- 
lem. The method (2) was found to involve the following 
problem: since a substrate is irradiated with charged 
particles (Ar ions, reactive gas ions, and electrons) in 
the plasma form, the charged particles damage the sub- 
strate and a thin film in process of deposition on the 
substrate and cause an increase in substrate tempera- 
ture. 

SUMMARY OF THE INVENTION 

[0015] An object of the present invention is to provide 
a method and apparatus for forming a thin film of a 
metal compound having a predetermined thickness 
while subjecting a metallic ultra-thin film to oxidation, 
nitriding, fluorination, or a like reaction, which method 
and apparatus can prevent any damage to a thin film in 
process of deposition and can stably form, at a relatively 



low temperature, a thin film of a metal compound having 
stable properties. 

[0016] The above object is achieved by the method 
and apparatus according to the present invention. 
5 [001 7] The present invention provides a method for 
forming a thin film of a metal compound comprising the 
steps of: 

depositing on a substrate within a vacuum chamber 
10 a metallic ultra-thin film of a metal or an incom- 
pletely-reacted metal; and 
bringing the metallic ultra-thin film in contact with 
the electrically neutral activated species of a reac- 
tive gas so as to convert the metallic ultra-thin film 
is to an ultra-thin film of a metal compound through 
the reaction of the metallic ultra-thin film with the 
activated species of the reactive gas, 
wherein the steps are sequentially repeated so as 
to deposit on the substrate the ultra-thin film of the 
20 metal compound in a plurality of layers until a thin 
film of the metal compound having a desired thick- 
ness is formed on the substrate. 

[0018] The present invention further provides a 
25 method for forming a thin film of a metal compound 
comprising the steps of: 

depositing on a substrate within a vacuum chamber 
a metallic ultra-thin film of a metal or an incom- 

30 pletely-reacted metal, an AC voltage ranging 
between 1 kHz and 100 kHz being applied to a pair 
of magnetron sputtering targets of the same kind or 
different kinds insulated electrically from the ground 
such that the polarity of each of the targets alter- 

35 nates between positive and negative with respect to 
the ground potential and thus, in an alternating 
manner, one target serves as a cathode and the 
other target serves as an anode; and 
bringing the metallic ultra-thin film in contact with 

40 the electrically neutral activated species of a reac- 
tive gas so as to convert the metallic ultra-thin film 
to an ultra-thin film of a metal compound through 
the reaction of the metallic ultra-thin film with the 
activated species of the reactive gas, 

45 wherein the steps are sequentially repeated so as 
to deposit on the substrate the ultra-thin film of the 
metal compound in a plurality of layers until a thin 
film of the metal compound having a desired thick- 
ness is formed on the substrate. 

50 

[0019] The above-mentioned methods, together with 
various claimed techniques, yield the effects of the 
present invention, which will be described later. 
[0020] The present invention further provides a film 
55 deposition apparatus comprising: 

a film deposition process zone for depositing on a 
substrate a metallic ultra-thin film of a metal or an 
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incompletely-reacted metal through magnetron 
sputtering; 

a reaction process zone for bringing the metallic 
ultra-thin film in contact with the electrically neutral 
activated species of a reactive gas so as to convert 5 
the metallic ultra-thin film to an ultra-thin film of a 
metal compound through the reaction of the metal- 
lic ultra-thin film with the activated species of the 
reactive gas; 

transfer means for transferring the substrate 10 
between the film deposition process zone and the 
reaction process zone; and 
shield means for separating the film deposition 
process zone from the reaction process zone in 
terms of space and pressure so as to prevent the is 
reactive gas from entering the film deposition proc- 
ess zone; 

wherein the substrate is repeatedly transferred a 
plurality of times between the film deposition proc- 
ess zone and the reaction process zone so as to 20 
deposit on the substrate the ultra-thin film of the 
metal compound in a plurality of layers until a thin 
film of the metal compound having a desired thick- 
ness is formed on the substrate. 

25 

[0021] Alternatively, in the film deposition process 
zone, a metallic ultra-thin film of a metal or an incom- 
pletely-reacted metal is deposited on a substrate 
through vacuum evaporation. 

[0022] Further, claimed techniques other than those so 
mentioned above yield the following effects. 
[0023] According to the present invention, a thin film 
of a metal compound having stable properties can be 
formed on a substrate at a high rate of deposition while 
any damage to a thin film in process of deposition is pre- 35 
vented and the substrate is maintained at a relatively 
low temperature. 

[0024] In the present invention, an AC voltage is 
applied to a pair of targets of the same kind or different 
kinds insulated electrically from the ground such that 40 
the polarity of each of the targets alternates between 
positive and negative with respect to the ground poten- 
tial. As a result, magnetron sputtering is performed such 
that in an alternating manner, one target serves as a 
cathode (a negative pole) and the other target serves as 45 
an anode (a positive pole). This arrangement prevents 
the unfavorable phenomenon involved in the conven- 
tional DC reaction magnetron sputtering method that a 
target shield serving as an anode, apparatus compo- 
nents, and an apparatus body are covered with a non- so 
conductive or low-conductivity incomplete metal with 
resultant variations in anode potential. 
[0025] Specifically, a pair (two) sputtering targets are 
used for sputtering such that they alternatingly serve as 
an anode and a cathode through the application of an 55 
alternating electric field. A nonconductive or low-con- 
ductivity incomplete metal which adheres to a target 
serving as an anode is removed through sputtering 



when the target serves as a cathode. Thus, a stable 
anode potential is always obtained when a target serves 
as an anode, thereby preventing variations in a plasma 
potential (normally equal to the anode potential). As a 
result, a metallic ultra-thin film can be formed stably. 
The sputtering cathode system employed by the 
present invention is generally called a dual-cathode sys- 
tem or twin-mag system. Such a sputtering cathode 
system is reported in, for example, Japanese Patent 
Applications Laid-Open {kokal) Nos. 4-325680, 5- 
222531, and 5-311433, and Patent Gazette No. 
2574630. 

[0026] In the step of converting a metallic ultra-thin 
film of a metal or an incompletely-reacted metal to an 
ultra-thin film of a metal compound through the reaction 
of the metallic ultra-thin film with a reactive gas, use of 
electrically neutral activated species, such as radicals, 
radicals in an excited state, atoms in an excited state, 
molecules in an excited state, or the like, is effective. 
[0027] In addition to the above-mentioned effects 
yielded by dual-magnetron sputtering, the present 
invention yields the following effects. 

(1) A step of forming a metallic ultra-thin film and a 
step of converting the metallic ultra-thin film to an 
ultra-thin film of a metal compound are repeated so 
as to deposit the ultra-thin film of the metal com- 
pound in a plurality of layers. Thus, a thin film hav- 
ing a desired thickness can be formed at a high rate 
of deposition while the substrate is maintained at a 
relatively low temperature. 

(2) Through the employment of dual-magnetron 
sputtering for depositing a metallic ultra-thin film, a 
stable anode potential is obtained; in other words, 
variations in the anode potential can be prevented, 
thereby forming a thin film having good quality with 
satisfactory reproducibility. 

(3) Through use of activated species, such as radi- 
cals, radicals in an excited state, atoms in an 
excited state, molecules in an excited state, or the 
like, in a step of converting a metallic ultra-thin film 
to an ultra-thin film of a metal compound, potential 
damage to a thin film in process of deposition can 
be prevented, and a rise in substrate temperature is 
suppressed. Thus, a thin film having good proper- 
ties can be obtained efficiently. 

(4) The film deposition process zone and the reac- 
tion process zone are separated from each other by 
shield means, so that the process zones can be 
independently controlled to respective optimum 
conditions to thereby form a thin film in a stable 
manner. Preferably, the pressure of the film deposi- 
tion process zone is maintained higher than that of 
the reaction process zone so as to prevent a reac- 
tive gas from entering the film deposition process 
zone. 

(5) Even when a reactive gas enters the film depo- 
sition process zone with a resultant generation of a 
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reaction product on a target, the reaction product is 
removed by virtue of dual sputtering. Thus, high- 
rate sputtering can be performed in a stable man- 
ner and with satisfactory reproducibility. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0028] 

Fig. 1 is a top view showing an embodiment of an 
apparatus used in the present invention; 
Fig. 2 is a sectional view taken along the line A-B-C 
of Fig. 1 ; 

Fig. 3(A) is an explanatory view showing the struc- 
ture of a plasma source; 

Fig. 3(B) is a plan view of the plasma source of Fig. 
3(A); 

Fig. 4 is an explanatory view showing the structure 
of a plasma source; 

Fig. 5 is an explanatory view showing the structure 
of a plasma source; 

Fig. 6 is a plan view showing a multi -aperture grid; 
Fig. 7 is a plan view showing a multi -slit grid; 
Fig. 8 is a plan view showing another embodiment 
of an apparatus used in the present invention; 
Fig. 9 is a top view showing a still another embodi- 
ment of an apparatus used in the present invention; 
Fig. 10 is a sectional view taken along the line A-B- 
C of Fig. 9; and 

Fig. 1 1 is a plan view showing a further embodi- 
ment of an apparatus used in the present invention. 

DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

[0029] Figs. 1 and 2 illustrates a method and appara- 
tus of for forming a thin lilm according to the present 
invention, wherein Fig. 1 is a top view (partially cross- 
sectioned for better understanding) and Fig. 2 is a side 
view taken along the line A-B-C of Fig. 1 . 
[0030] Sputtering electrodes 21 and 41 , an activated- 
species generator 61, and a grid 81 are disposed 
around a substantially cylindrical substrate holder 13 
within a vacuum chamber 1 1 . 
[0031] Film deposition process zones 20 and 40 are 
located in front of the sputtering electrodes 21 and 41 , 
respectively. Fig. 1 shows a film deposition apparatus 
equipped with the two sputtering electrodes 21 and 41 
for sputtering two different substances. 
[0032] A reaction process zone 60 is located in front 
of the activated -species generator 61 and the grid 81 . 
[0033] As the substrate holder 1 3 is rotated by a motor 
1 7, a metallic ultra-thin film of Si or a like metal is depos- 
ited on a substrate (not shown) held on the substrate 
holder 13 in each of the film deposition process zones 
20 and 40, and the metallic ultra-thin film is converted to 
an ultra-thin film of a metal oxide, such as Si0 2 or the 
like, in the reaction process zone 60. These operations 



are repeated so as to deposit on the substrate the ultra- 
thin film of the metal oxide in a plurality of layers until a 
thin film of Si0 2 or the like having a desired thickness is 
formed. 

5 [0034] Herein, the expression "ultra-thin film" is used 
to discriminate a final thin film from a plurality of ultra- 
thin films which are deposited to become the final thin 
film, and denotes that each of the ultra-thin films is sub- 
stantially thinner than the final thin film. 

10 [0035] The thickness of an ultra-thin film is not partic- 
ularly limited, but is preferably 0.1-20 angstroms or 0.5- 

1 0 angstroms. 

[0036] A film of Si or a like metal can be deposited at 
a relatively high rate through DC magnetron sputtering. 

is The thus-formed film is converted to a film of a metal 
compound, such as Si0 2 or the like, in the reaction 
process zone, thereby obtaining a thin film of a metal 
compound, such as Si0 2 , Ti0 2 , or the like, at a relatively 
high rate of production. 

20 [0037] The film deposition process zone 20 includes 
the sputtering electrode 21, a sputtering power source 
23, a target 29, a sputtering gas cylinder 27, a mass 
flow controller 25, a shield plate (shield means) 12 (the 
film deposition process zone 40 has the same configu- 

25 ration as that of the film deposition process zone 20). A 
sputtering argon gas or the like is introduced into the 
film deposition process zone 20, which is a space 
defined by the shield plate within the vacuum chamber 

1 1 and whose degree of vacuum is adjusted by a vac- 
30 uum pump 1 5. DC magnetron sputtering is performed in 

a vacuum atmosphere established in the film deposition 
process zone 20. 

[0038] The target 29 is a metallic target of Al, 71, Zr, 
Sn, Cr, Ta, Si, Te, Ni-Cr, In-Sn, or the like. Through 

35 exposure to the activated species of a reactive gas, 
films of these metals are converted to optical or insulat- 
ing films of Al 2 03, Ti0 2 , Zr0 2 , Ta 2 0 5 , Si0 2 , and the like, 
conductive films of ITO and the like, magnetic films of 
Fe^ and the like, and super-hard films of TiN, CrN, 

40 TiC, and the like. Insulative metal compounds such as 
Ti0 2 , Zr0 2 , and Si0 2 are excessively low in a sputtering 
rate as compared to metals such as Ti, Zr, and Si and 
are thus poor in film productivity. The present invention 
is particularly effective for forming thin films of such 

45 insulative metal compounds. 

[0039] The present invention may also be embodied 
so as to perform radio-frequency magnetron sputtering 
through use of the target 29 of Si0 2 or the like. The 
present invention can cope with an incompletely- 

50 reacted product, for example, SiO x (x < 2), which is pro- 
duced through the sputtering of Si0 2 in an insufficient 
presence of oxygen. When such a ultra-thin film of SiO x 
is formed, it is converted to a stable ultra-thin film of 
Si0 2 in the subsequent reaction process zone 60. That 

55 is, herein, a metallic ultra-thin film includes an ultra-thin 
film of an incompletely-reacted metal such as SiO x (x < 
2) in addition to an ultra-thin film of a metal. 
[0040] A metallic ultra-thin film is converted to an ultra- 
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thin film of a metal oxide such as Si0 2 in the reaction 
process zone 60. 

[0041 ] The reaction process zone 60 includes the acti- 
vated-species generator 61, the grid 81, and a shield 
plate (shield means) 14. 

[0042] Plasma generated through discharge in a reac- 
tive gas plasma generation chamber 63 of the activated- 
species generator 61 Is composed of plasma ions, elec- 
trons, radicals, radicals in an excited state, atoms in an 
excited state, molecules in an excited state, etc. Accord- 
ing to the present invention, the grid 81 selectively 
introduces into the reaction process zone 60 the acti- 
vated species — radicals, radicals in an excited state, 
atoms in an excited state, and molecules in an excited 
state— contained in the reactive gas plasma. By con- 
trast, charged particles such as electrons and ions can- 
not pass through the grid 81 and thus do not enter the 
reaction process zone 60. Accordingly, in the reaction 
process zone 60, a metallic ultra-thin film is not exposed 
to charged particles, but is exposed to only electrically 
neutral activated species of a reactive gas. As a result, 
a metal such as Si or the like reacts, through contact, 
with the activated species to form a metal compound 
such as Si0 2 or the like. 

[0043] Notably, a "radical" refers to an atom or mole- 
cule having at least one unpaired electron. An "excited 
state" denotes the stale in which the energy level is 
higher as compared to the stationary ground state hav- 
ing the lowest energy. 

[0044] (n a reactive film deposition step in which a 
metal compound is obtained from a metal or an incom- 
pletely-reacted metal, activated species are used for the 
following reason. For the chemical reaction in the film 
deposition step, chemically active, electrically neutral, 
activated species, such as radicals and excited species, 
are more decisively important than are charged parti- 
cles, such as ions and electrons. Also, a thin film having 
target properties can be easily obtained through use of 
only those particles which, in contrast with charged par- 
ticles, do not damage a thin film, do not cause an unfa- 
vorable rise in substrate temperature, enable a definite 
separation of a chemical reaction process from a film 
deposition process so as to perform a composite control 
on various properties — optical, mechanical, and electri- 
cal properties— of a thin film, and contribute significantly 
to a relevant chemical reaction. 
[0045] The activated-species generator 61 is also 
called a radical source and includes the grid 81 and a 
reactive gas plasma generation unit which, in turn, 
includes the reactive gas plasma generation chamber 
63, an electrode 65 for generating plasma, and a radio- 
frequency power source 69. A reactive gas such as oxy- 
gen gas is introduced into the reactive gas plasma gen- 
eration chamber 63 from a reactive gas cylinder 73 via 
a mass flow controller 71. The radio-frequency power 
source 69 applies, radio-frequency power, via a match- 
ing box 67, to the coiled electrode 65 which is wound on 
the outer circumferential surface of the reactive gas 



plasma chamber 63 formed of a quartz tube, thereby 
generating reactive gas plasma within the reactive gas 
plasma chamber 63. 

[0046] Examples of a reactive gas include oxidizing 
s gases such as oxygen and ozone, nitriding gases such 
as nitrogen, carbonating gases such as methane, and 
f luorinating gases such as CF 4 . 
[0047] The reactive gas plasma generation unit is 
composed of a reactive gas plasma generation cham- 
w ber and an external or internal electrode; specifically, an 
inductively-coupled plasma source, a capacitively-cou- 
pled plasma source, or an inductively-capacitively-cou- 
pled plasma source. These types of plasma sources will 
next be described in detail. 

15 

(1) Plasma source shown in Figs. 1 and 2: An 
inductively-coupled plasma source. The coiled 
electrode 65 is arranged on the atmosphere-side 
circumferential surface of the reactive gas plasma 
20 gas generation chamber 63 which is formed of die- 
lectric such as quartz glass in a cylindrical shape. A 
radio-frequency power of 100 kHz to 50 MHz is 
applied to the coiled electrode 65 to thereby gener- 
ate plasma. 

25 (2) Plasma source shown in Fig. 3: An inductively- 
coupled plasma sources. A spirally-coiled electrode 
91 is arranged on the atmosphere side of the reac- 
tive gas plasma generation chamber 63 which is 
formed of a disk-like dielectric such as quartz glass. 

so A radio-frequency power of 100 kHz to 50 MHz is 
applied to the spirally-coiled electrode 91 to thereby 
generate plasma. Fig. 3(B) shows a plan view of the 
spirally-coiled electrode 91. 
(3) Plasma source shown in Fig. 4: A capacitively- 

35 coupled plasma source. A flat-plate-like electrode 
93 is disposed within the reactive gas plasma gen- 
eration chamber 63. A radio-frequency power of 
100 kHz to 50 MHz is applied to the flat-plate- like 
electrode 93 to thereby generate plasma. 

40 (4) Plasma source shown in Fig. 5: An inductively- 
capacitively-coupled plasma source. A coiled elec- 
trode 95 or a spirally-coiled electrode is disposed 
within the reactive gas generation chamber 63. A 
radio-frequency power of 100 kHz to 50 MHz is 

45 applied to the coiled electrode 95 or the spirally- 
coiled electrode to thereby generate the mixture of 
inductively-coupled plasma and capacitively-cou- 
pled plasma. 

so [0048] Also, a helicon-wave plasma source may be 
embodied through the adjustment of the coil shape or 
the like, to thereby improve the efficiency of generating 
activated species in plasma. 

[0049] Further, as shown in Figs. 1 and 2, an external 
55 magnet 71 and/or an internal magnet 73 is disposed so 
as to generate a magnetic field of 20-300 gauss in the 
reactive gas plasma generation unit, to thereby obtain 
high-density plasma and thus improve the activated- 
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species generation efficiency. 
[0050] Plasma generated in the reactive gas plasma 
generation chamber 63 contains charged particles, 
such as reactive gas ions and electrons, and electrically 
neutral activated species of a reactive gas, such as rad- 
icals, radicals in an excited state, atoms in an excited 
state, and molecules in an excited state. According to 
the present invention, only the electrically neutral parti- 
cles are selectively introduced into the reaction process 
zone 60 for utilization in reactive conversion of a metallic 
ultra-thin film to an ultra-thin film of a metal oxide (e.g. 

Si ->• Si0 2 

)• 

[0051] To attain the above selective introduction of 
activated species, there is provided, between the reac- 
tive gas plasma generation chamber 63 and the reac- 
tion process zone 60, a grid which selectively allows 
only electrically neutral activated species to pass there- 
through and does not allow charged particles to pass 
therethrough. Ions and electrons in plasma exchange 
charges on the surface of the grid to thereby be neutral- 
ized. 

[0052] Examples of such a grid include multi -aperture 
grids and muiti-slit grids. 

[0053] Fig. 6 is a plan view showing a multi-aperture 
grid 101. The multi -aperture grid 101 is a flat plate 
which is formed of a metal or insulating substance and 
has a number of apertures having a diameter of 0.1-3 
mm formed therein. 

[0054] Fig. 7 is a plan view showing a multi-slit grid 
111. The multi-slit grid 11 1 is a flat plate which is formed 
of a metal or insulating substance and has a number of 
slits having a width of 0. 1 -1 mm formed therein. 
[0055] Preferably, the grids 101 and 1 1 1 are cooled by 
water or the like through use of cooling pipes 105 and 
1 15, respectively, or the like. 

[0056] The grids 101 and 111 cause ions and elec- 
trons in plasma to exchange charges on the surface 
thereof, thereby introducing electrically neutral, highly 
reactive activated species into the reaction process 
zone 60. 

[0057] Next will be described the shield means (shield 
plate). 

[0058] As shown in Figs. 1 and 2, the shield plates 12, 
14, and 16 (shield means) enclose the film deposition 
process zones 20 and 40 and the reaction process zone 
60, respectively, to thereby define independent spaces 
in a vacuum atmosphere established within the vacuum 
chamber 1 1 . In other words, there exist, in the large vac- 
uum chamber 1 1 , two kinds of vacuum chambers, i.e. 
the film deposition process zones 20 and 40 and the 
reaction process zone 60, which are not completely 
separated from each other, but are substantially inde- 
pendent of each other and can be controlled independ- 
ently of each other. As a result, the zones (chambers) 
can have respective vacuum atmospheres which least 



influence each other, and thus can establish respec- 
tively optimum conditions therein. For example, dis- 
charge associated with sputtering and discharge 
associated with the generation of activated species of a 

5 reactive gas can be controlled independently of each 
other and thus do not influence each other. Accordingly, 
discharge is performed stably and does not induce any 
unexpected accident, thereby yielding high reliability. 
Particularly preferably, the pressure of the film deposi- 

10 tion process zones 20 and 40 is made higher than that 
of the reaction process zone 60. This prevents a reac- 
tive gas introduced into the reaction process zone 60 
from flowing into the film deposition process zones 20 
and 40, thereby preventing an anomalous discharge 

15 which would otherwise occur due to a metal compound 
formed on the surfaces of targets in the film deposition 
process zones 20 and 40. 

[0059] The employment of shield plates is particularly 
effective when a plurality of targets are provided adja- 
20 cently to each other. 

[0060] The pressure (degree of vacuum) of the film 
deposition process zones 20 and 40 is preferably 0.8-10 
x10" 3 Torr. 

[0061] The pressure (degree of vacuum) of the reac- 
25 tion process zone 60 is preferably 0.5-8 x 1 0" 3 Torr. 
[0062] Typical working conditions are shown below. 

(1) Sputtering conditions (Si) 

so [0063] 

Applied power: 3.6 kW 
Substrate temperature: room temperature 
Pressure of film deposition process zone: 2.0 x 10" 
35 3 Torr 

Rotational speed of substrate holder: 100 rpm 
Thickness of ultra-thin film: 2-6 angstroms 

(2) Sputtering conditions (Zr) 

40 

[0064] 

Applied power: 1 .9 kW 
Substrate temperature: room temperature 
45 Pressure of film deposition process zone: 5.0 x 10" 
3 Torr 

Rotational speed of substrate holder: 100 rpm 
Thickness of ultra-thin film: 1 -4 angstroms 

so (3) Driving conditions of activated-species generator 

[0065] 

Apparatus: inductively-coupled plasma source 
55 shown in Figs. 1 and 2 
Applied power: 1 .9 kW 
Pressure: 1 .4 x 10" 3 Torr 
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[0066] In this case, the following practice to actively 
prevent the occurrence of an anomalous discharge on 
the surface of a target is very effective in the stable exe- 
cution off the film deposition process: a voltage to a tar- 
get is inverted at 1-200 kHz intervals to a voltage 
ranging between +50 V and +200 V to thereby neutral- 
ize, with electrons in plasma, positive charges which 
accumulate in a compound to be formed on an 
uneroded portion of the target. 

[0067] Also, in this case, in order to prevent an 
increase in the substrate temperature caused by 
plasma generated in association with a sputtering proc- 
ess, cooling means, such as water-cooling means, is 
provided for components of a film deposition process 
zone, for example, shield plates which enclose thelilm 
deposition process zone, a target shield, and the like. 
[0068] Nextwill be described an example of the forma- 
tion of a multi-layer antiref lection film through use of the 
apparatus of Fig. 1. 

[0069] A metal target of Si or a like metal whose oxide 
has a relatively low refractive index is fixed onto the tar- 
get 29. A metal target of Ti, Zr, or a like metal whose 
oxide has a relatively high refractive index is fixed onto 
the target 49. The target 29 is sputtered to thereby form 
an ultra-thin film of Si, which is then converted to an 
ultra-thin film of Si02 in the reaction process zone 60. 
The substrate holder 13 is rotated a plurality of times 
until a thin film of Si0 2 having a desired thickness is 
obtained. Next, the target 49 is sputtered to thereby 
form an ultra-thin film of Ti or Zr, which is then converted 
to an ultra-thin film of Ti0 2 or ZrC>2 in the reaction proc- 
ess zone 60. The substrate holder 13 is rotated a plural- 
ity of times until a thin film of Ti0 2 or Zr0 2 having a 
desired thickness is obtained. This operation is 
repeated so as to obtain a multi-layer antiref lection film 
which is composed of low-refractive-index layers (Si0 2 ) 
and high-refractive-index layers (Ti0 2 or Zr0 2 ) arranged 
in alternating layers. 

[0070] Fig. 8 is a plan view showing another embodi- 
ment of the present invention. The apparatus of the 
present embodiment includes a film deposition chamber 
121 , a substrate-loading chamber 123 disposed on one 
side of the film deposition chamber 121, and a sub- 
strate-unloading chamber 125 disposed on the other 
side of the film deposition chamber 121. In Fig. 8, RP 
denotes a rotary pump, and TMP denotes a turbo 
molecular pump. The chambers 125, 121, and 123 are 
connected via gate valves 131 and 133. The substrate- 
loading chamber 1 23 can be opened to the atmosphere 
via a gate valve 135 or a door, and the substrate- 
unloading chamber 125 can be opened to the atmos- 
phere via a gate valve 137 or a door. That is, the cham- 
bers 125, 121, and 123 are isolated from each other in 
terms of pressure, have respective evacuation systems 
which are independent of each other, and enables a 
substrate holder 143 to be transferred through the gate 
valves 131 and 133. 

[0071] The substrate holder 143 carrying substrates 



141 is loaded into the substrate- loading chamber 123 
through the gate valve 1 35. Then, the substrate-loading 
chamber 123 is evacuated to vacuum by RP, and the 
substrates 141 on the substrate holder 143 are sub- 

5 jected to heating or a like pretreatment. Upon comple- 
tion of the pretreatment, the substrate holder 143 is 
transferred into the film deposition chamber 121 . Thus, 
the substrate-loading chamber 123 is adapted to carry 
out the attachment or detachment of the substrate 

10 holder 143 and evacuation, and, as needed, to perform 
pretreatment. 

[0072] In the film deposition chamber 121 , a thin film 
is formed on each of the substrates 1 41 . To avoid com- 
plication, in the illustration of the film deposition cham- 
15 ber 121, only the substrate holder 143 is represented by 
a dot-and-dash line, and the substrates 141 are not 
illustrated. 

[0073] Upon completion of the film deposition proc- 
ess, the substrate holder 1 43 is transferred into the sub- 

20 strate-unloading chamber 125. The substrates 141 on 
the substrate holder 143 undergo posttreatment, as 
needed, and are then unloaded to the exterior of the 
substrate-unloading chamber 125 through the gate 
valve 137. Thus, the substrate-unloading chamber 125 

25 is adapted to carry out the attachment or detachment of 
the substrate holder 143 and evacuation, and, as 
needed, to perform posttreatment. 
[0074] A film deposition process in the film deposition 
chamber 1 21 is basically similar to that of the apparatus 

30 shown in Figs. 1 and 2 except that the substrate holder 
143 has a horizontal plate shape. Targets 155 and 165 
are arranged in film deposition process zones 153 and 
163, respectively, which are defined by shield plates 
151 and 161, respectively. The targets 155 and 165 are 

35 sputtered through DC magnetron sputtering so as to 
form a metallic ultra-thin film on the substrate 141. In 
FIG. 8, MFC denotes a mass flow controller. As the sub- 
strate holder 143 rotates, the substrate 141 enters a 
reaction process zone 173 enclosed by a shield plate 

40 171. In the reaction process zone 173, the substrate 
141 is exposed to electrically neutral activated species, 
such as radicals, generated by activated-species gener- 
ator 1 75, so that the metallic ultra-thin film of, for exam- 
ple, Si, is converted to an ultra-thin film of a metal oxide, 

45 for example, Si0 2 . 

[0075] Next, further embodiments of the present 
invention will be described with reference to Figs. 9 and 
10, and Fig. 11. First will be described the embodiment 
of Figs. 9 and 10. The present embodiment employs two 

so pairs of magnetron sputtering electrodes (so-called 
dual-magnetron sputtering). 

[0076] In the present embodiment, a pair of magnet- 
ron sputtering electrodes 21a and 21b, another pair of 
magnetron sputtering electrodes 41a and 41b, acti- 
55 vated-species generator 61 , and a grid 81 are disposed 
around a substantially cylindrical substrate holder 13 
within a vacuum chamber 1 1 . 
[0077] A film deposition process zone 20 is configured 
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in front of the magnetron sputtering electrodes 21a and 
2 1 b, and a film deposition process zone 40 is configured 
in front of the magnetron sputtering electrodes 41a and 
41b. In Fig. 9, two pairs of magnetron sputtering elec- 
trodes 21a and 21b, and 41a and 41b, are provided so 5 
as to sputter two different kinds of substances. 
[0078] A reaction process zone 60 is configured in 
front of an activated-species generator 61 and a grid 81 . 
[0079] Si or a like metal is film-deposited at a relatively 
high rate through dual magnetron sputtering. The thus- 
formed metallic ultra-thin lilm is converted to an ultra- 
thin film of a metal compound, such as Si0 2 or the like. 
Thus, through the magnetron sputtering method using 
metal targets, a thin film of a metal compound, Si0 2 , 
Ti0 2 , or the like, can be obtained. 
[0080] The film deposition process zone 20 includes a 
pair of magnetron sputtering electrodes 21a and 21b, a 
sputtering power source 23, a pair of metal targets 29a 
and 29b, a sputtering gas cylinder 27, a mass flow con- 
troller 25, a shield plate (shield means) 12 (the film dep- 
osition process zone 40 has the same configuration as 
that of the lilm deposition process zone 20). A sputter- 
ing argon gas or the like is introduced into the film dep- 
osition process zone 20, which is a space defined by the 
shield plate within the vacuum chamber 1 1 and whose 
degree of vacuum is adjusted by a vacuum pump 15. 
Dual-magnetron sputtering is performed in a vacuum 
atmosphere established in the film deposition process 
zone 20. 

[0081] In the embodiment of Figs. 9 and 10, through 
use of at least a pair of (magnetron) sputtering elec- 
trodes 21a and 21b and a pair of metallic or conductive 
sputtering targets 29a and 29b, a metallic ultra-thin film 
is formed through dual-magnetron sputtering. 
[0082] Dual-magnetron sputtering employs a pair of 
sputtering electrodes 21a and 21b and corresponding 
sputtering targets 29a and 29b, which are electrically 
insulated from the ground. Accordingly the sputtering 
electrodes 21 a and 21b and the targets 29a and 29b are 
mounted on a grounded apparatus body (vacuum 
chamber 1 1) via unrllustrated insulators. The sputtering 
electrode 21a and the target 29a are electrically sepa- 
rated from the sputtering electrode 21b and the target 
29b. In such an arrangement, a working gas such as 
argon gas or the like is introduced into the film deposi- 
tion process zone 20 in such a manner as to adjust a 
sputtering atmosphere, and a voltage is applied from 
the AC power source 23 to the sputtering electrodes 
21a and 21b via a transformer 24. As a result, an alter- 
nating magnetic field is always applied to the targets 
29a and 29b. Specifically, at a certain point of time, the 
target 29a serves as a cathode (negative pole), and the 
target 29b serves as an anode (positive pole) without 
fail. At another point of time when the direction of cur- 
rent changes, the target 29b serves a cathode (negative 
pole), and the target 29a serves as an anode (positive 
pole). In such a manner, the targets 29a and 29b alter- 
nately serve as an anode and a cathode to thereby gen- 



erate plasma, which causes a target serving as a 
cathode to be sputtered to form a metallic ultra-thin film 
on a substrate. At this time, a nonconductive or low-con- 
ductivity incomplete metal may adhere to an anode. 
However, the incomplete metal is sputtered when the 
anode changes to a cathode by virtue of an alternating 
electric field; thus, the target surface is restored to the 
original clean state. Such a cycle is repeated, so that a 
stable anode potential is always obtained, thereby pre- 
venting variations in a plasma potential (normally equal 
to the anode potential). As a result, a metallic ultra-thin 
film can be formed stably. 

[0083] The shield plates 12 and 16 maintain the 
mutual independence of the film deposition process 
zone 20 and the reaction process zone 60, respectively. 
Even when a reactive gas, such as oxygen gas, enters 
into the film deposition process zone 20 from the reac- 
tion process zone 60 and an oxide or the like is tempo- 
rarily generated on the targets 29a and 29b, a stable 
anode state is reliably established through dual sputter- 
ing effected by an alternating electric field. Thus, the 
film deposition process is performed with satisfactory 
reproducibility. 

[0084] The targets 29a and 29b may be of the same 
metal or of different metals. When the targets 29a and 
29b of the same metal are used, a metallic ultra-thin film 
of a single metal (e.g. Si) is formed. When the targets 
29a and 29b of different metals are used, a metallic 
ultra-thin film of alloy is formed. 
[0085] The frequency of an AC voltage applied to the 
targets 29a and 29b is preferably 1-100 kHz. 
[0086] Peripheral members of the film deposition proc- 
ess zone 20, such as a target shield (not shown), the 
shield plate 12, etc., are preferably water-cooled so as 
to prevent adverse effects, such as an increase in sub- 
strate temperature, which would otherwise be induced 
by heat generation. 

[0087] As mentioned previously, even when a metal 
compound is formed on the surfaces of targets in the 
film deposition process zones 20 and 40 due to an entry 
of a reactive gas into the film deposition process zones 
20 and 40, the metal compound is sputtered when the 
targets serve as cathodes. Accordingly, a stable anode 
state is reliably established, so that a stable plasma dis- 
charge can be maintained. 

[0088] Typical working conditions are shown below. 
The working conditions of the film deposition process 
zone and the reaction process zone are similar to those 
of the preceding embodiments. 

(1) Sputtering conditions (Si) 

[0089] 

Applied power: 2.8 kW 

Substrate temperature: room temperature 

Pressure of film deposition process zone: 5.0 x 10" 

3 Torr 
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Frequency of applied AC voltage: 40 kHz 
Rotational speed of substrate holder: 100 rpm 
Thickness of ultra-thin film: 2-6 angstroms 

(2) Sputtering conditions (Ta) 5 

[0090] 

Applied power: 1 .5 kW 

Substrate temperature: room temperature io 
Pressure of film deposition process zone: 5.0 x 10' 
3 Torr 

Frequency of applied AC voltage: 40 kHz 
Rotational speed of substrate holder: 100 rpm 
Thickness of ultra-thin film: 1 -4 angstroms is 



155b and targets 165a and 165b are arranged in film 
deposition process zones 153 and 163, respectively, 
which are defined by shield plates 151 and 161, respec- 
tively. The targets 155a and 155b and the targets 165a 
and 165b are sputtered through dual -magnetron sput- 
tering so as to form a metallic ultra-thin film on a sub- 
strate 141. In FIG. 11, MFC denotes a mass flow 
controller. As the substrate holder 143 rotates, the sub- 
strate 141 enters a reaction process zone 1 73 enclosed 
by a shield plate 171. In the reaction process zone 1 73, 
the substrate 141 is exposed to electrically neutral acti- 
vated species generated by activated-species genera- 
tor 175, so that the metallic ultra-thin film of, for 
example, Si, is converted to an ultra-thin film of a metal 
oxide, for example, St0 2 . 



(3) Driving conditions of activated-species generator Claims 
(O s ) 

1 . A method for forming a thin film of a metal com- 
[0091 ] 20 pound comprising the steps of: 



Apparatus: inductively-coupled plasma source 
shown in Figs. 1 and 2 
Applied power: 2.0 kW 

Pressure: 1 .4 x 10" 3 Torr 25 

[0092] Next will be described an example of the forma- 
tion of a multi-layer arrtiref lection film through use of the 
apparatus of Fig. 9. 

[0093] A metal target of Si or a I ike metal whose oxide 30 
has a relatively low refractive index is fixed onto each of 
the targets 29a and 29b. A metal target of Ti, Zr, or a like 
metal whose oxide has a relatively high refractive index 
is fixed onto each of the targets 49a and 49b. The tar- 
gets 29a and 29b are dual -magnetron-sputtered to 35 
thereby form an ultra-thin film ol Si, which is then con- 
verted to an ultra-thin film of Si02 in the reaction proc- 
ess zone 60. The substrate holder 13 is rotated 2. 
predetermined times so as to deposit the ultra-thin film 
of Si0 2 in layers until a thin film of Si0 2 having a desired 40 
thickness is obtained. Next, the targets 49a and 49b are 
dual-magnetron-sputtered to thereby form an ultra-thin 
film of Ti or Zr, which is then converted to an ultra-thin 
film of Ti0 2 or Zr0 2 in the reaction process zone 60. 
The substrate holder 1 3 is rotated predetermined times 45 
so as to deposit the ultra-thin film of Ti0 2 or Zr0 2 in lay- 
ers until a thin film of TO 2 or Zr0 2 having a desired 
thickness is obtained. This operation is repeated so as 
to obtain a multi-layer arrtiref lection film which is com- 
posed of low-refractive-index layers (Si0 2 ) and high- so 
refractive-index layers (Ti0 2 or Zr0 2 ) arranged in alter- 
nating layers. 

[0094] Next will be described the embodiment shown 
in Fig. 11. 

[0095] A film deposition process in the film deposition ss 
chamber 121 is basically similar to that of the apparatus 
shown in Figs. 9 and 10 except that the substrate holder 
143 has a horizontal plate shape. Targets 155a and 



depositing on a substrate within a vacuum 
chamber a metallic ultra-thin film of a metal or 
an incompletely-reacted metal; 
bringing the metallic ultra-thin film in contact 
with the electrically neutral activated species of 
a reactive gas so as to convert the metallic 
ultra-thin film to an ultra-thin film of a metal 
compound through the reaction of the metallic 
ultra-thin film with the activated species of the 
reactive gas; and 

sequentially repeating the steps so as to 
deposit on the substrate the ultra-thin film of 
the metal compound in layers until a thin film of 
the metal compound having a desired thick- 
ness is formed on the substrate. 

A method for forming a thin film of a metal com- 
pound comprising the steps of: 

depositing on a substrate within a vacuum 
chamber a metallic ultra-thin film of a metal or 
an incompletely-reacted metal, an AC voltage 
ranging between 1 kHz and 100 kHz being 
applied to a pair of magnetron sputtering tar- 
gets of the same kind or different kinds insu- 
lated electrically from the ground such that the 
polarity of each of the targets alternates 
between positive and negative with respect to 
the ground potential and thus, in an alternating 
manner, one target serves as a cathode and 
the other target serves as an anode; 
bringing the metallic ultra-thin film in contact 
with the electrically neutral activated species of 
a reactive gas so as to convert the metallic 
ultra-thin film to an ultra-thin film of a metal 
compound through the reaction of the metallic 
ultra-thin film with the activated species of the 
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reactive gas; and 

sequentially repeating the steps so as to 
deposit on the substrate the ultra-thin film of 
the metal compound in layers until a thin film of 
the metal compound having a desired thick- 5 
ness is formed on the substrate. 

3. A method for forming a thin film of a metal com- 
pound according to Claim 1 f wherein a negative 
voltage applied to each of the targets is inverted at 10 
1-200 kHz intervals to a positive voltage ranging 
between +50 V and +200 V to thereby neutralize, 
with electrons in plasma, positive charges which 
accumulate in a compound to be formed on the sur- 
face of each of the targets. is 

4. A method for forming a thin film of a metal com- 
pound according to Claim 1 or 2, wherein the acti- 
vated species of the reactive gas are selected from 
the group consisting of radicals, radicals in an 20 
excited state, atoms in an excited state, and mole- 
cules in an excited state. 

5. A method for forming a thin film of a metal com- 
pound according to Claim 1 . further comprising the 25 
steps of: 

introducing the reactive gas into a reactive gas 
plasma generation chamber; 
applying a radio-frequency power to the reac- 30 
tive gas so as to initiate discharge for generat- 
ing a reactive gas plasma composed of 
reactive gas ions, electrons, and electrically 
neutral activated species; and 
introducing the electrically neutral activated 35 
species from the reactive gas plasma genera- 
tion chamber into the vacuum chamber through 
use of a grid for selectively trapping charged 
particles, electrons, and ions, from the reactive 
gas plasma and for selectively allowing the 40 
electrically neutral activated species to pass 
therethrough, to thereby bring the electrically 
neutral activated species into contact with the 
metallic ultra-thin film for reaction. 

45 

6. A film deposition apparatus comprising : 

a magnetron sputtering device is disposed; 
a film deposition process zone for depositing 
on a substrate a metallic ultra-thin film of a so 
metal or an incompletely-reacted metal through 
magnetron sputtering; 

a reaction process zone for bringing the metal- 
lic ultra-thin film in contact with the electrically 
neutral activated species of a reactive gas so 55 
as to convert the metallic ultra-thin film to an 
ultra-thin film of a metal compound through the 
reaction of the metallic ultra-thin film with the 



activated species of the reactive gas; 
transfer means for transferring the substrate 
between said film deposition process zone and 
said reaction process zone; and 
shield means for separating said film deposi- 
tion process zone from said reaction process 
zone in terms of space and pressure so as to 
prevent the reactive gas from entering said film 
deposition process zone; 
wherein the substrate is repeatedly transferred 
a plurality of times between said film deposition 
process zone and said reaction process zone 
so as to deposit on the substrate the ultra-thin 
film of the metal compound in a plurality of lay- 
ers until a thin film of the metal compound hav- 
ing a desired thickness is formed on the 
substrate. 

7. A film deposition apparatus according to Claim 6, 
wherein in said film deposition process zone, a 
metallic ultra-thin film of a metal or an incompletely- 
reacted metal is formed on a substrate through vac- 
uum evaporation device instead of magnetron sput- 
tering device. 

8. A film deposition apparatus according to Claim 6, 
wherein in said film deposition process zone, an AC 
voltage is applied to a pair of targets of the same 
kind or different kinds insulated electrically from the 
ground such that the polarity of each of the targets 
alternates between positive and negative with 
respect to the ground potential, so that in an alter- 
nating manner, one target serves as a cathode and 
the other target serves as an anode, to thereby 
deposit on the substrate the metallic ultra-thin film 
of a metal or an incompletely-reacted metal. 

9. A film deposition apparatus according to Claim 6 or 
7, further comprising an activated-species genera- 
tor for generating the activated species which com- 
prises a reactive gas plasma generation unit for 
generating a reactive gas plasma composed of 
reactive gas ions, electrons, and electrically neutral 
activated species through the application of a radio- 
frequency power to the reactive gas introduced 
thereinto; and a grid for selectively trapping 
charged particles, electrons, and ions, from the 
reactive gas plasma and for selectively allowing the 
electrically neutral activated species to pass there- 
through, to thereby feed the electrically neutral acti- 
vated species into said reaction process zone. 

10. A film deposition apparatus according to Claim 9, 
wherein the grid is a multi-aperture grid or multi-slit 
grid. 

11. A film deposition apparatus according to Claim 9, 
wherein the reactive gas plasma generation unit of 



11 



21 



EP 0 940 481 A1 



22 



the activated-species generator is an inductively- 
coupled plasma source which comprises a cylindri- 
cal dielectric and a coiled electrode arranged on the 
atmosphere-side circumferential surface of the die- 
lectric and generates plasma through the applica- 
tion of a radio-frequency power of 100 kHz to 50 
MHz to the coiled electrode. 

12. A film deposition apparatus according to Claim 9, 
wherein the reactive gas plasma generation unit of 
the activated-species generator is an inductively- 
coupled plasma source which comprises a disk-like 
dielectric and a spirally-coiled electrode arranged 
on the atmosphere side of the dielectric and gener- 
ates plasma through the application of a radio-fre- 
quency power of 100 kHz to 50 MHz to the spirally- 
coiled electrode. 

13. A film deposition apparatus according to Claim 9, 
wherein the reactive gas plasma generation unit of 
the activated-species generator is a capacitively- 
coupled plasma source which comprises an inter- 
nal flat-plate-like electrode and generates plasma 
through the application of a radio-frequency power 
of 100 kHz to 50 MHz to the flat-plate-like electrode. 

14. A film deposition apparatus according to Claim 9, 
wherein the reactive gas plasma generation unit of 
the activated -species generator is a plasma source 
which comprises an internal coiled electrode or an 
internal spirally-coiled electrode and generates the 
mixture of inductively-coupled plasma and capaci- 
tively-coupled plasma through the application of a 
radio-frequency power of 100 kHz to 50 MHz to the 
electrode. 

15. A film deposition apparatus according to Claim 9, 
wherein helicon-wave plasma is generated in the 
reactive gas plasma generation unit in order to 
improve the activated-species generation efficiency 
of the activated-species generator. 

16. A film deposition apparatus according to Claim 9, 
wherein a magnetic field of 20-300 gauss is gener- 
ated in the reactive gas plasma generation unit in 
order to improve the activated-species generation 
efficiency of the activated-species generator. 

1 7. A 1ilm deposition apparatus according to Claim 6 or 
7, further comprising a substrate-loading chamber 
and a substrate-unloading chamber which are dis- 
posed on both sides of a film deposition chamber 
comprising said film deposition process zone and 
said reaction process zone, said substrate-loading 
chamber being adapted to carry out the attachment 
or detachment of a substrate holder and evacua- 
tion, and, as needed, to perform pretreatment, said 
substrate-unloading chamber being adapted to 



carry out the attachment or detachment of a sub- 
strate holder and evacuation, and, as needed, to 
perform posttreatment, said substrate-loading and 
substrate-unloading chambers having respective 

5 evacuation systems which are isolated from each 
other in terms of pressure, wherein a substrate is 
transferred between said substrate-loading cham- 
ber and said film deposition chamber and between 
said film deposition chamber and said substrate - 

io unloading chamber so as to sequentially perform a 
thin film deposition process. 
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Fig.3 (A) 
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